ystonia is a clinical syndrome characterized by sustained muscle contractions causing twisting and repetitive movements or abnormal postures. 1 Primary generalized dystonia is a severe motor disease, causing physical and social incapacity in patients with normal cognitive function. Pharmacologic treatments have limited efficacy, and injections of botulinum toxin are useful only in restricted areas (e.g., the face and neck). Thus, surgical approaches merit investigation. Thalamotomy 2 and pallidotomy 3 may induce variable and unstable responses 4 and unacceptable adverse effects, including speech difficulties and cognitive disturbances. 5 In contrast, deep-brain stimulation targeting the internal globus pallidus is a reversible procedure with low morbidity. [6] [7] [8] [9] [10] Although a beneficial effect of bilateral stimulation of the internal globus pallidus has been reported in children with primary generalized dystonia, 11, 12 little information is available on its effects in adults. Data from case reports [13] [14] [15] [16] [17] [18] [19] [20] [21] or small groups of patients 22, 23 with primary generalized dystonia are scattered or embedded in reports of heterogeneous groups of patients, including those with secondary 16, 18, 21, 23 or focal 15, 18 disease. Moreover, the ability to draw conclusions from these reports is limited by variations in selection criteria, stimulation settings, 11, 12, 14, 21 evaluation of the clinical outcomes, and the duration of follow-up. 12, 18, 22 In addition, in the absence of a controlled, blinded evaluation, the possibility that observed benefits are due to a placebo effect cannot be excluded. Therefore, we conducted a prospective, multicenter study to determine the effects of bilateral pallidal stimulation on motor impairment, functional disability, and the quality of life in patients with primary generalized dystonia, using standardized and blinded assessments.
patients Twenty-two patients were recruited in France: 10 in Grenoble, 9 in Paris, and 3 in Lille. The inclusion criteria were as follows: clinically diagnosed primary generalized dystonia with a combination of segmental crural dystonia (involving one leg and the trunk) and the involvement of any other segment (the cranium, neck, or upper or lower limbs); the absence of any secondary cause, including birth injury, head trauma, and neuroleptic treatments; a normal neurologic examination except for dystonia; normal findings on magnetic resonance imaging (MRI) of the brain; the absence of psychiatric disturbances; normal cognitive function, as reflected by a score of at least 24 on the Mini-Mental State Examination (MMSE; lower scores indicate cognitive impairment) 24 ; and severe impairment in the ability to perform the activities of daily living despite optimal medical management. All patients were tested for the DYT1 mutation in the torsin A gene. 25 
study design
The patients served as their own controls and were evaluated while taking their usual treatments. Clinical assessment was performed before surgery and 3, 6, and 12 months after surgery. With the use of a standardized protocol, patients were videotaped wearing a cap to conceal evidence of prior surgery (an example is shown in the Supplementary Appendix, available with the full text of this article at www.nejm.org). The patients' movements on the videos (presented in random order and with the patients' family names removed to preserve anonymity) were scored by an independent expert using the movement subscale of the validated BurkeFahn-Marsden Dystonia Scale, 26 and the patients completed questionnaires assessing their degree of disability. At the three-month follow-up visit, movement was evaluated with and without neurostimulation (in random order) on separate days. Both the patient and the neurologist who performed these assessments were unaware of the patient's neurostimulation status. The electrical variables of deep-brain stimulation were set 10 hours before video and clinical assessment. If unacceptable worsening occurred within the 10 hours before evaluation, the neurostimulator could be turned to the therapeutic-stimulation settings. The patient was videotaped just before the neurostimulator was activated. At 6 and 12 months postoperatively, evaluations were conducted with the neurostimulator activated.
The study was approved by the ethics committee of Pitié-Salpêtrière University Hospital, Paris. All the patients provided written informed consent.
surgery
Leads were implanted bilaterally in one session with the patient under local anesthesia (3 patients) or general anesthesia (19 patients) according to institutional protocols. The posterolateral ventral part of the internal globus pallidus was identified either by stereotactic brain MRI or by MRI with ventriculography and intraoperative electrophysiological recording. At the end of the surgical procedure, an electrode with four contacts (DBS-3389, Medtronic) was implanted and then connected to a neurostimulator (Kinetra, Medtronic) implanted in the subclavicular region while the patient was under general anesthesia.
Before the implantation of the neurostimulator, all but one patient underwent postoperative MRI to confirm that there was adequate electrode-contact localization at the posterolateral ventral part of the internal globus pallidus and to rule out surgical complications. The mean (±SD) coordinates of the most ventral contact of the electrodes were established as X mm lateral to the midline, Y mm anterior to the posterior commissure, and Z mm below the anterior-posterior commissure line (right hemisphere: X=20.1±1.6 mm, Y=15.0±3.0 mm, and Z=4.3±1.7 mm; left hemisphere: X=20.1±1.9 mm, Y=14.5±2.5 mm, and Z= 4.4±1.7 mm). We used one or two ventral contacts as the cathode with monopolar polarity and a frequency of 100 to 185 Hz. The voltage and pulse width were adjusted according to the clinical effect. 27 
clinical evaluation
The Burke-Fahn-Marsden Dystonia Scale was used to evaluate the effects of neurostimulation. It has a nonlinear scoring system and includes a movement scale with nine subscales (one for each body part) and a disability scale (Table 1) . 26 The disability scores were obtained by having the patient answer a questionnaire at each examination. The health-related quality of life was assessed before surgery and at the 12-month follow-up visit with a validated French version of the Medical Outcomes Study 36-item Short-Form General Health Survey (SF-36), which assesses eight aspects of health status: general and mental health, physical and social functioning, physical and emotional roles, pain, and vitality; scores on each scale can range from 0 (worst) to 100 (best). 28 Cognitive function 24 and mood 29 were also assessed before surgery and 12 months postoperatively, by means of the MMSE and the Beck Depression Inventory, respectively.
statistical analysis
The primary outcome measures were the scores on the movement and disability subscales of the Burke-Fahn-Marsden Scale preoperatively and at 3, 6, and 12 months. The secondary outcome measures were the dystonia scores at 3 months (with and without neurostimulation), the quality of life at 12 months as reflected by the SF-36 scores, use of other medical therapies, neurostimulation settings, and adverse events.
Data at baseline and at month 12 were compared with the use of a Wilcoxon signed-rank test for matched pairs. Repeated measures across time were compared with the use of a linear mixed model (analysis of variance with random effects), with a random effect for the patient and a fixed effect for time. 30 When the results of the global comparison were significant, pairwise comparisons were performed with the Tukey-Kramer adjustment for multiple comparisons. To look for factors that were predictive of improvement at month 12, we used the Wilcoxon test for categorical variables (sex and DYT1 status) and the Spearman correlation coefficient for quantitative variables (age, duration of disease, and total scores or subscores for the movement and disability scales).
All statistical tests were two-tailed. P values that were less than 0.05 were considered to indicate statistical significance. Statistical analyses were performed with the use of the SAS statistical package, version 8.1 (SAS Institute).
The clinical characteristics of the patients are summarized in Table 1 . The median age of the patients at surgery was 30 years (range, 14 to 54). The median age at the onset of dystonia was 8 years (range, 5 to 38), and the median duration of the disease was 18 years (range, 4 to 37). Seven patients had the DYT1 mutation.
Three months after the initiation of bilateral pallidal neurostimulation, the Burke-Fahn-Marsden movement score was significantly lower than the preoperative value (P<0.001). The improvement in scores persisted at subsequent evaluations, with a mean decrease of 51 percent at month 12 (P<0.001) ( Fig. 1A and video, available with the full text of this article at www.nejm.org). A total of 11 patients had an improvement in the movement score of more than 50 percent at month 3, 13 at month 6, and 14 at month 12. In two patients, motor symptoms worsened (by 10 percent and 34 percent at month 12). The seven patients who had an improvement of more than 75 percent at one year had diffuse phasic, hyperkinetic involuntary movements preoperatively. * The total score for the movement subscale of the Burke-Fahn-Marsden Dystonia Scale, which can range from 0 to 120, is the sum of individual scores for each body region and represents the severity of motor disability related to dystonia. The individual score is based on the product of the severity factor (i.e., quantification proportional to severity of dystonia,) and the provoking factor (i.e., the circumstances in which dystonia appears) -for example, a score of 1 indicates that it is task-specific and a score of 4 that dystonia persists at rest, with a "down weighting" of 0.5 in the scores for the eyes, mouth, and neck. The total disability score can range from 0 to 30 and is the sum of individual ratings for seven activities: speech (a score of 0 indicates the patient is easily understood, and a score of 4 the presence of almost complete anarthria), handwriting (a score of 0 indicates legible handwriting, and a score of 4 inability to grasp a pen), and the degree of dependence with respect to hygiene, dressing, and feeding (a score of 0 indicates normal ability, and a score of 4 complete dependence), swallowing (a score of 0 indicates normal ability, and a score of 4 marked difficulty swallowing soft food and liquids), and walking (a score of 0 indicates normal ability, and a score of 6 wheelchair-bound). † The first symptom of the disease was in the face (F), the upper limbs (UL), or the lower limbs (LL). No patient had trunk involvement as the initial symptom. ‡ THP denotes trihexyphenidyl, TRP tropatepine, BDZ benzodiazepines, anti-SP antispastic drugs (dantrolene or baclofen), TBZ tetrabenazine, and DA dopaminergic drugs (levodopa or bromocriptine). Additional treatments (analgesics and antidepressants) are mentioned in the Results section. Daily doses of THP are shown. § Patient 1 had a family history of dystonia: her sister had an isolated writer's cramp. In contrast, the two patients whose dystonia worsened and the two with little improvement (0 to 25 percent) had severe tonic abnormal postures preoperatively.
As compared with baseline values, the majority of movement subscores had decreased at month 3 and remained stable through month 12; the face and speech and swallowing subscores were not significantly changed at follow-up assessments, as compared with preoperative assessments. Twelve months postoperatively, axial and limb subscores had improved by 69 percent and 52 percent, respectively (P<0.001) ( Table 2) .
The global disability score was improved at month 3 (P<0.001) and continued to improve through month 12 (Fig. 1B) . Scores for dressing, eating and swallowing, feeding, hygiene, and walking were improved at month 3 (P<0.001), and writing was improved at month 6 (P<0.001); these improvements remained stable thereafter ( Table 2) .
The general health and physical functioning subscores for the SF-36 scale improved significantly after surgery (Table 3) . Cognition (as measured by the MMSE) and mood (as measured by the Beck Depression Inventory) did not change significantly after surgery.
None of the baseline factors we assessed (sex, age, duration of disease, DYT1 status, or global scores and subscores for the Burke-Fahn-Marsden Dystonia Scale) were significant predictors of motor improvement one year after surgery.
evaluation of neurostimulation at three months
Two of the 22 patients were not able to complete 10 hours of evaluation owing to unacceptable worsening of dystonia in the absence of neurostimulation. The neurostimulator had to be turned to the therapeutic-stimulation settings after three hours in one patient because of breathing difficulties (preoperative movement score, 95.5; score at three months without neurostimulation, 84.0; and score at three months with neurostimulation, 51.5) and after seven hours in the other patient because of recurrent dystonic spasms (preoperative score, 102.5; score at three months without neurostimulation, 66.5; and score at three months with neurostimulation, 51.0).
In all patients, the total score for the BurkeFahn-Marsden movement subscale was worse in the absence of neurostimulation than in the presence of neurostimulation (34.6±22.3 vs. 24.6±17.7, P<0.001), although the scores did not revert to preoperative values (46.3±21.3, P<0.001) ( Table 2 ). All subscores except speech were poorer in the absence of neurostimulation than in the presence of neurostimulation. At three months, neurostimulation did not significantly change the total score for the Burke-Fahn-Marsden disability scale ( Table 2 ). The total movement score (Panel A) is the sum of individual scores for each body region and represents the severity of motor disability related to dystonia; scores can range from 0 to 120, with higher scores indicating more severe disability. The individual score is based on the product of the severity factor (i.e., quantification proportional to the severity of dystonia) and the provoking factor (i.e., the circumstances in which dystonia appears). The total disability score (Panel B) can range from 0 to 30 and is the sum of individual ratings for seven activities of daily living: speech (a score of 0 indicates the patient is easily understood, and a score of 4 the presence of almost complete anarthria), handwriting (a score of 0 indicates legible handwriting, and a score of 4 inability to grasp a pen), and the degree of dependence with respect to hygiene, dressing, and feeding (a score of 0 indicates normal ability, and a score of 4 complete dependence), swallowing (a score of 0 indicates normal ability, and a score of 4 marked difficulty swallowing soft food and liquids), and walking (a score of 0 indicates normal ability, and a score of 6 wheelchair-bound). 
stimulation variables
At three months, all 44 electrodes were set at 130 Hz. At 12 months, 39 were set at 130 Hz, 1 at 100 Hz, and 4 at 185 Hz. The mean voltage was 3.8±0.9 V at 3 months and 3.7±1.0 V at 12 months. The mean pulse width increased from 77±30 µsec at 3 months to 139±130 µsec at 12 months. At 12 months, one contact was used in 29 of the 44 electrodes, and two contiguous contacts were used in 15 electrodes (monopolar stimulation).
medical treatment
Preoperatively, 20 patients received treatments for dystonia. Fourteen patients received anticholinergic agents (mean dose of trihexyphenidyl, 30 mg; range, 6 to 150; mean dose of tropatepine, 30 mg), 13 received benzodiazepines, 5 received antispastic drugs (dantrolene or baclofen), 5 received tetrabenazine (mean dose, 89±61 mg), 2 received levodopa, and 1 received bromocriptine (Table 1) . Additional treatments were analgesics in five patients and antidepressants in five patients. At 12 months, 18 patients were receiving medi- Five adverse events occurred in three patients in the postoperative period; all resolved rapidly without permanent sequelae. One patient had transient perioperative edema of the frontal lobe that was not clinically evident; in the same patient, a fractured lead that leaked current was replaced. One patient had cutaneous necrosis of the scalp at the site of a resolved skin infection near the connector, and one had a localized skin infection that resolved and a hematoma near the neurostimulator.
In patients with primary generalized dystonia, bilateral pallidal stimulation led to a sustained improvement in motor symptoms and disability over a period of one year. The improvement in mean dystonia movement scores was 51 percent, and one third of the patients had an improvement of more than 75 percent, as compared with preoperative scores. The strengths of our study include its prospective, multicenter design and the use of standardized videos for all motor evaluations, rated by an examiner who was unaware of the patient's preoperative or postoperative status and who used a validated scale (the Burke-Fahn-Marsden Dystonia Scale). The adequacy of the position of the electrodes within the intended target was confirmed by MRI immediately after surgery.
Our results, obtained from a controlled study of a group of patients meeting strict inclusion criteria, confirm the results obtained in individual patients 16, 18, 19, 23 and open studies. 11, 12, 22 Moreover, the benefit was observed at three months and was sustained over the course of one year. Motor improvement occurred in most segments of the body (neck, trunk, and limbs); the exceptions were facial movement and speech, which were, on average, less severely affected at baseline and remained essentially unchanged. These differential effects of neurostimulation should be considered when one is selecting patients for surgery. 16, 31 The beneficial effect of deep-brain stimulation was also demonstrated by the double-blind, videocontrolled assessment at three months, which demonstrated worsening of the movement scores of all patients in the absence of neurostimulation, as compared with the presence of neurostimulation. Moreover, the two patients who could not complete the 10 hours of blinded evaluation were not receiving neurostimulation at the time. Although the usual pattern of dystonia reappeared in all patients in the absence of neurostimulation, their movement scores did not reach preoperative values, because "washout" effects may not be complete after 10 hours. This postneurostimulation effect suggests that neurostimulation-induced changes in dystonia are related not only to a direct action of the stimulation on neuronal tissue 32,33 but also to structural or functional changes involving plasticity in cortical or subcortical networks. 13 Such a mechanism could also account for the progressive improvement in dystonia over a period of several months that we and others 9,17 have observed.
Despite verifying the adequacy of the placement of electrodes in all patients, we found variability in the response to therapy among patients. The majority had an improvement of at least 50 percent in motor scores, but four patients had limited improvement (25 percent or less) or worsening. Other groups have also reported variability of the response (including therapeutic failure in individual patients), despite correct positioning of the electrodes. 9, 17, 31 This variability could be related to genetic heterogeneity of disease or to the characteristics of abnormal movements. Although it has been hypothesized that the choice of the target, the location of the electrodes, the location of dystonia, and the DYT1 status influence the therapeutic outcome, 12,31 we did not identify factors predictive of the magnitude of improvement; however, the ability to identify such predictors was limited by our small sample.
We found in a post hoc analysis that the patients with the greatest improvement were those who had phasic movements, whereas patients who had little or no improvement had severe tonic posturing, although there is still limited ability to assess this variable, owing to the lack of standard criteria for classifying dystonia. Although further studies specifically addressing this question are needed, one could hypothesize that the pattern of dystonia and the underlying pathophysiology may contribute to the variability in the therapeutic outcome. 17, 31 The observed improvement in functional disability in our patients was consistent with a decrease in the severity of dystonia. The benefit pertained to walking, hygiene, feeding, and swallowing and eating by month 3 and to writing by month 6 and was sustained over a period of one year (see the Supplementary Appendix). Our patients also had a concomitant improvement in the health-related quality of life, whereas this finding was only briefly mentioned in a small, retrospective series of heterogeneous patients. 15 In addition, the use of medications to treat dystonia was reduced after surgery.
In contrast to bilateral pallidotomy, 5,17 bilateral pallidal deep-brain stimulation had a good riskbenefit ratio among our patients with dystonia. We did not observe worsening of cognition, mood changes, or any permanent adverse effects. The adverse events that occurred were inherent to deepbrain-stimulation surgery. There was one reversible cerebral adverse event: asymptomatic frontal-lobe edema. The four other adverse events (i.e., leakage of current due to lead fracture, scalp necrosis with resolved infection, hematoma, and infection in the neurostimulator pocket) were related to the hardware and similar to those previously reported. 9, 11, 15 These types of complications accounted for the 2 to 8 percent rate of complications reported elsewhere for deep-brain stimulation in patients with dystonia. 34 However, our sample was small, and an assessment of the risk of uncommon but serious complications, such as intracerebral hemorrhage, requires a much larger series of patients.
In conclusion, this prospective, double-blind, video-controlled study demonstrated that bilateral stimulation of the posterolateral ventral internal pallidus resulted in a sustained decrease in the severity of dystonia and functional disability and improved the quality of life in adult patients with generalized primary dystonia, without affecting cognition or mood.
